Semi-dry grasslands in the European Alps have been increasingly fragmented over the last 150 years. Few studies have investigated the implications of landscape configuration for genetic structure and gene flow among remnant habitat patches. Conservation management of semi-dry grassland plants rarely accounts for possible effects of major landscape elements, such as forest patches, as barriers to gene flow and dispersal via seed and pollen, despite their potential importance for biodiversity conservation. Using 1416 individuals from 61 sampling sites across 2 valleys in South-Eastern Switzerland and Amplified fragment length polymorphism (AFLP) fingerprints, we applied a spatial strip and a circle approach to determine the impact of different landscape elements on genetic differentiation in the semi-dry grassland herb Trifolium montanum (mountain clover). Overall genetic differentiation among sampling sites was low (overall F ST = 0.044). Forest area had no effect on gene flow at the landscape scale, but area of semi-dry grassland, the potential habitat of T. montanum, road area, and altitude influenced genetic differentiation among sampling sites. The observed pattern of genetic differentiation suggests that a future increase in forest area, due to land use abandonment, at least in the short term, are unlikely to directly impact patterns of genetic variation in T. montanum.
For millennia, the mountainous regions of Central Europe have been used for grazing livestock and mowing. Vast areas of semidry grasslands below timber line have thus been created by man (Stöcklin et al. 2007 ). These ecosystems are prominent hot spots of species diversity in the European Alps (Wolkinger and Plank 1981) . Due to land use intensification (Stoate et al. 2001 ) and land use abandonment (Gellrich et al. 2007) , the overall area of semi-dry grasslands has declined by 90% during the last 60 years in Switzerland. This trend is continuing and will lead to further habitat fragmentation (Bätzing 2005) . Until now, little is known, however, about the potential effect of the ongoing habitat fragmentation of semi-dry grasslands on patterns of genetic variation among the remnant fragments. In particular, the role of different landscape elements for genetic differentiation is still unclear for many species. Understanding the mechanisms shaping patterns of gene flow within characteristic plants of semidry grasslands is essential to improve management planning. This is especially the case, with respect to genetic impoverishment and inbreeding, which may limit a species ability to adapt.
Habitat fragmentation can reduce population size and increase spatial isolation, with potentially severe impact for population genetic diversity and viability in the long term (Ledig 1992) . Decreasing population size reduces effective population sizes, increases drift and might enhance inbreeding effects (Gilpin and Soule 1986 ) if gene flow is restricted. Spatial isolation of habitat patches has the potential to reduce seed flow among habitat remnants (Herrera and Garcia 2010; McConkey et al. 2012 ). In addition, species, which are animal pollinated and self-incompatible, face a particular risk of genetic isolation due to reduced pollen flow among isolated habitat patches (Aguilar et al. 2006) . Semi-dry grasslands and their constituent species may be especially sensitive to processes such as climate change and land use change leading to local extinction (Körner 2003; Stöcklin et al. 2007) .
Gene flow at landscape scale can counteract genetic drift and maintain genetic diversity (Whitlock and McCauley 1999; Richards 2000) . Propagule dispersal is often critical to maintain meta-population dynamics (Hanski 1998) . Spatially isolated habitat fragments might be well connected via long-distance seed (Poschlod et al. 1998) or pollen dispersal (Janzen 1971) . Pollination patterns within the landscape might be complex and vary with respect to pollinator species Journal of Heredity 2013:104(6):842-852 doi:10.1093/jhered/est058 Advance Access publication September 24, 2013 (Steffan-Dewenter et al. 2002; Ghazoul 2005) , resource availability (Beekman and Ratnieks 2000; Carvell et al. 2012; Leonhardt and Blüthgen 2012) , and landscape structure (Jauker et al. 2009; Hennig and Ghazoul 2012) .
Little is known so far about how landscape elements affect genetic structuring in semi-dry grassland herb species. Even though numerous studies have investigated gene flow patterns among forest fragments (Smouse and Sork 2004; Sork and Smouse 2006; Smulders et al. 2009 ), the effects of forests on gene flow among grassland patches are largely unknown. As forest areas are among the most abundant landscape elements in Alpine regions, they might be highly relevant for gene flow patterns within grassland plants at landscape scale. Forests may potentially hinder the movement of pollinators associated with grasslands (Roland et al. 2000; Schmitt et al. 2000) or other habitat types (Keller et al. 2012) . For potential seed dispersal vectors of grassland species like red deer, forests might be hindering gene flow (Pérez-Espona et al. 2008 ). On the opposite, larger areas of semi-dry grassland habitats between focal fragments might enhance gene flow, as shorter seed and pollen dispersal distances can connect populations or subpopulations. Likewise, higher local densities might lead to larger gene pools causing more gene flow and less genetic differentiation among sites. In trees, higher local densities can increase long-distance gene flow and decrease genetic differentiation (Ismail et al. 2012) . Among the most relevant linear landscape elements are roads, which frequently affect functional connectivity in animals, some of which are potential seed or pollen dispersal vectors (Holderegger and Di Giulio 2010) . For example, for bumblebees, roads might reduce foraging distances (Bhattacharya et al. 2003) .
In addition to landscape elements, particularly in Alpine landscapes, altitudinal distances among populations can affect genetic differentiation in semi-dry grassland plants. For example, differences in altitude might lead to reduced pollen movement across altitudes due to distinct flowering times (Hülber et al. 2010) . Varying time in snowmelt can lead to substantially restricted gene flow even over small spatial scales (Hirao and Kudo 2008) . Further, changing resource availabilities at different altitudes might cause changes in pollinator communities (Arroyo et al. 1985) , which could affect pollen transport among altitudes. The potential of the altitudinal gradient to impact the distribution of genetic variation within and among plant populations is probably highly complex and variable among species (Ohsawa and Ide 2008; Byars et al. 2009; Hahn et al. 2012) .
Understanding how landscape elements influence the patterns of genetic diversity in plant species at landscape scale is of interest not only for understanding the evolutionary consequences of land use change but also for management of ecosystems, particularly in the context of rapid climate change . In this study, we combined genetic fingerprinting and geographic information system techniques in a landscape genetics approach (Manel et al. 2003) , inferring effects of landscape elements on genetic structuring in Trifolium montanum. We applied and compared 2 different spatial approaches to investigate landscape characteristics, which potentially affect historic gene flow in this species. First, we focused on the area between sampling sites using a strip approach, which assumes a straight-line connection between populations via gene flow and allows exploring landscape characteristics between sampling sites (Emaresi et al. 2011) . The appropriate test for multiple regression of distance matrices in the strip approach still remains a debated topic due to interdependences (Raufaste and Rousset 2001; Castellano and Balletto 2002; Legendre and Fortin 2010) . Moreover, it models straight-line connections of gene flow among sampling sites, which might not be realistic. Given the debate on strip approaches, we used additionally a second method focusing on the landscape elements surrounding the sampling sites (circle approach). In contrary to the strip approach, the data in the circle approach are truly independent, and the analyses does not account for the direction of gene flow. Moreover, it is well established in landscape ecological studies (Steffan-Dewenter et al. 2002; Taki et al. 2007; Hennig and Ghazoul 2011; Ockinger et al. 2012 ), yet rarely used to explain genetic differentiation of populations in plants (but see Schmidt et al. 2009 ).
Specifically, we tested the following hypotheses: 1) Forest areas act as a barrier to gene flow, leading to increased genetic structure between sampling sites. 2) Area of semi-dry grassland leads to increased gene flow and thus lower differentiation among sampling sites. 3) Higher local individual density causes increased gene flow and thus lower differentiation among sampling sites. In addition, we investigated the potential influence of paths and roads, geographic distance, altitudinal distance among sampling sites, and absolute altitude of the sampling sites on genetic differentiation at landscape scale.
Materials and Methods
Study Species, Sampling Sites, and Sampling Design Trifolium montanum (Fabaceae) is a perennial clover species, mainly found in semi-dry Mesobromion erecti grasslands below the timber line, but it also occurs at forest edges (Oberdorfer et al. 1994) . The species relies on continuous, extensive management (Delarze et al. 1999; ). Trifolium montanum flowers from May to July (Aeschimann et al. 2004) , and hand pollination experiments indicated that the plant is predominantly outcrossing ). The species is primarily pollinated by bumblebees and bees (Oberdorfer et al. 1994; ). Seed dispersal is mainly bariochorous, and thus restricted to short distances ).
We sampled 61 sites within 2 valleys in South-Eastern Switzerland (Canton of Graubünden): 30 in "Val Lumnezia" (VL) and 31 in "Hinterrheintal" (HR; Figure 1 , Supplementary Table S1 ). The valleys are separated by approximately 10 km distance. An analysis of potential sampling sites, based on the Swiss inventory of dry-and semi-dry grassland areas (BAFU 2006) , suggested 80 and 149 potential sampling sites in VL and HR, respectively. Sampling sites were then chosen to reflect a wide variety of percentages of forest surrounding individual sites (i.e., sites without adjacent forests up to sites, completely surrounded by forest). Sampling sites were moreover selected relatively evenly along the altitudinal gradient. The chosen sampling sites covered minimum convex polygon areas of 63.2 and 67.9 km 2 in VL and HR, respectively, estimated with Hawth's Analysis Tools 3.27 in ArcGIS 9.3.1. Altitudinal range of sampling sites was from 890 to 2066 m a.s.l. in VL and from 682 to 1920 m a.s.l. in HR. Minimal and maximal distances between sites within valleys were 0.44 and 11.11 km in VL and 0.52 and 11.50 km in HR, respectively.
At each sampling site, leaf material was collected from 24 individuals, with distances between individuals of 0.5-40 m. The spatial sampling scheme was, whenever possible, regularly within a rectangular grid of 10 × 25 m, where 22 samples were taken. In addition, 2 samples were taken at distances of approximately 20 m apart from the sampling grid. Leaf material was immediately dried in silica gel for subsequent DNA extraction.
Centroid coordinates of sampling sites were recorded with a GPS (Garmin 60CSx), and the absolute altitude of the sampling sites was inferred from the high-resolution digital elevation model swissALTI3D (Swisstopo©, 0.5 m accuracy, <2000 m a.s.l.). To assess the density (individuals per m 2 ) of T. montanum per site, we counted the number of T. montanum individuals in 10 randomly chosen 1-m 2 plots within each sampling grid. The numbers of individuals and thus their density per m 2 were averaged within sampling sites.
Characterization of Landscape Elements
To understand the general composition of landscape elements in our study areas, we extracted the landscape elements forest, open agricultural land, the network of roads (including paths), and nonvegetated area from the digital landscape model VECTOR25 (Swisstopo©, (3) (4) (5) (6) (7) (8) . The open agricultural land data include the habitat of our focal plant, which was determined via the spatial information of the Swiss inventory of dry-and semi-dry grassland areas (BAFU 2006) . For the assessment of the influence of landscape elements on gene flow, we focused on the coverage of forest (Figure 2 ), semi-dry grassland, and roads because these elements were considered to be potentially relevant for gene flow via insect pollination and seed dispersal (animal or anthropogenic).
For the strip approach, polygons of forest and semi-dry grassland were first converted to raster data (10-m cell size). The widths of roads were enlarged by a factor of 10 and converted to raster data sets with cell sizes of 5 m, thus circumventing technical limitations of ArcGIS 9.3.1 with raster data of small cell size. Subsequently, we calculated the percentages of forest, roads, and semi-dry grassland area pairwise between all sampling sites per valley within straight-line strips (Emaresi et al. 2011; Keller et al. 2012 ) of 110, 210, 410, and 810 m widths. Calculations were carried out with Frictionnator 1.9.6.56, which requires irregular numbers for input strip widths (Hirzel A.H. & Fontanillas P. unpublished data; available at: http://www.unil.ch/biomapper/frictionnator/frictionnator.html). In addition, we calculated geographic and altitudinal distances between sampling sites.
For the circle approach, we calculated percentages of forest, semi-dry grassland, and roads in circles around each sampling site with radii of 100, 200, 400, and 800 m. For each sampling site, we calculated the average geographic distance to all other sampling sites within the same valley.
AFLP Analyses
Out of 20 Amplified fragment length polymorphism (AFLP) primer combinations, which we tested, we chose 4 with the highest number of polymorphic loci and the highest reproducibility of AFLP fragments. The fluorescence-labeled (Applied Biosystems, Foster City, CA) EcoRI-and nonlabeled MseI-primers were AGG(FAM)/CTA, ACC(VIC)/ CTA, AAC(NED)/CAA, and ATG(PET)/CTG. AFLP analyses were performed as described by Hahn et al. (2012) , and fragment analyses were performed on an automated capillary sequencer (ABI Genetic Analyser 3730; Applied Biosystems). Only those individuals with loci derived of all AFLP primer combinations were included in the final analyses (16-24 per site with an average of 23.2 per site; N total = 1416; Supplementary Table S1 ). AFLP fragments between 50 and 500 bp were binned in Genemapper 3.7 (ABI), and peak heights were exported for semiautomatic genotyping with AFLPScore 1.4 (Whitlock et al. 2008). For reduction of genotyping errors, only loci with normalized average peak heights more than 300 relative fluorescence units were selected for genotyping, resulting in AFLP data with mismatch error rate of 2.8%. In order to diminish bias in estimation of population genetic parameters, AFLP data sets were pruned from loci with high (>1 -[3/N]) allele frequency with N being the total number of sampled individuals (Lynch and Milligan 1994) . Reproducibility of AFLP loci was estimated by repeating DNA extraction and complete AFLP analysis of 91 plant samples (6.4%), thus following the recommendations to replicate 5-10% of all samples (Meudt and Clarke 2007) . We generated 3 AFLP data sets: 1) for estimating the effect of the valley on genetic differentiation, we pooled all individuals, resulting in an AFLP data set containing 85 polymorphic loci. For all further statistical analyses, the data set was split between valleys, resulting in 2) 1 data set for VL (695 individuals, 82 polymorphic loci), and 3) 1 data set for HR (721 individuals, 73 polymorphic loci).
Statistical Analyses
We first assessed the effect of the valley on overall genetic differentiation with the pooled AFLP data set. Equivalents of F-values (f AFLP ) were estimated on individual basis with FAFLPcalc (Dasmahapatra et al. 2007 ). The overall f AFLP averages were used as prior information for Bayesian computation of allele frequencies and F ST values based on allelic frequencies following Zhivotovsky (1999) in AFLP-SURV 1.0 (Vekemans 2002) . Significance of overall F ST was estimated with 95% confidence intervals based on 1000 distance matrices bootstrapped over individuals among populations. Significances of pairwise F ST values were estimated via a nonparametric permutation approach with 10 000 permutations of individuals over populations in Arlequin 3.5.1.3 (Excoffier and Lischer 2010) . Pairwise F ST values between sampling sites were used as input matrix (Croucher et al. 2012 ) for a principle coordinates analysis (PCoA). Partitioning of genetic variation between valleys, between sampling sites within valleys, and within sampling sites was carried out via analysis of molecular variance (Amova), with 999 permutations for significance testing. Both PCoA and Amova were carried out in GenAlEx 6.4 (Peakall and Smouse 2006) .
Within each valley, overall F ST and pairwise F ST were calculated, following the same procedure as we did with the pooled data set. Moreover, the expected heterozygosity (H e ) was estimated to assess neutral genetic diversity within sampling sites, using AFLP-SURV 1.0.
Several different analytical methods have been used in the literature to explore the permeability of landscapes to gene flow . Some modeling approaches require detailed parameterization of permeability of different landscape elements, for example, the least-cost approach implemented in the software Circuitscape (McRae and Beier 2007) . Because this information is highly difficult to gain a piori for plant species due to the manifold seed and pollen dispersers, we adopt 2 alternative approaches: the strip and circle approach (Figure 2 ). In both, the strip and circle approach, we tested a priori for collinearity of explanatory variables with Spearman rank correlation (rho) and variance inflation factors (VIF). If rho > 0.7 and/or VIF > 10, corrective measures would be needed for the subsequent analyses (Dormann et al. 2012 ). Similar to most other landscape genetic studies (Storfer et al. 2010; Emaresi et al. 2011; Keller et al. 2012) , we used pairwise F ST values as an indicator of genetic differentiation and historical gene flow between sites. For the circle approach, these values were averaged per site.
For the strip approach, we carried out multiple regression analyses on distance matrices between the response F ST -matrix and the explanatory matrices using the function MRM in the R-package "ecodist" (Goslee and Urban 2007; . This approach is an extension of a classic partial Mantel test. Permutation tests (1 000 000) were performed to estimate the significance of regression coefficients and R 2 values (Lichstein 2007) . For both data sets of the 2 valleys, we ran 1 model per strip width (110, 210, 410, and 810 m). We started with complete models including 5 explanatory matrices, that is, percentages of forests, semi-dry grasslands, and roads as well as geographic and altitudinal distances among sampling sites. Incorporating geographic distances into the analysis allows accounting for potential effects of spatial autocorrelation (SAC). To determine the models with the best fit, we sequentially excluded variables with the highest P value until only variables with P < 0.1 remained.
For the circle approach, we fitted 2 different multiple linear regression models for each valley, using a generalized least square approach, as implemented in the "nlme" package in R (Pinheiro et al. 2012) . SAC was investigated considering semivariograms of the model without a spatial error term. To underline the absence of spatial patterns in the semivariogram, we applied a simulation approach. In 1 of the 2 models per valley, we accounted for potential SAC by inclusion of an exponential spatial correlation structure based on the Euclidean distances between the sampling site coordinates (Pinheiro and Bates 2000) . The second model did not include a spatial correlation structure. We then compared the models with and without SAC term, using simulations to judge if the correlation structure is appropriate (adapted from Faraway 2006) . We generated data under the null hypothesis, fitted the model with and without a spatial error term, and calculated the log-likelihood ratio (LRT). This procedure was repeated 999 times, and the proportion of values exceeding the observed LRT was used to estimate the P value. The best model according to the LRT simulation was chosen, and model selection via stepwise backward selection was applied to achieve the most parsimonious model. The initial model consisted of all explanatory variables, that is, percentage of forest, semi-dry grassland, and roads as well as average geographic distance among sampling sites, average individual density and absolute altitude of the sampling sites.
For both approaches and all models, homoscedasticity and distribution of residuals were checked via TukeyAnscombe plots and quantile-quantile plot. Variables were logit-transformed if model assumptions were not met, which was the case for the circle approach in HR and VL.
Results

Plant Density, Landscape Composition, and Relation of Landscape Elements in the 2 Valleys Under Study
In the valleys VL and HR, plant density of T. montanum per m 2 ranged from 3 to 29 and from 3 to 42, respectively (VL: average = 11.4; standard error = 1.5; HR: average = 12.3; standard error = 1.7; Supplementary Table S1). In valley VL, forest covered 41.5% of the total area, 52.0% was open agricultural land (from which 5.7% was semi-dry grassland area), 0.8% was road area, 4.0% was nonvegetated area, and 1.7% was uncategorized (e.g., villages). In HR, 47.8% of the landscape area was covered by forest, 42.9% was open agricultural land (7.6% of this was semi-dry grassland area), 4.2% was nonvegetated, and 5.1% was uncategorized area.
In the strip analyses in VL, the strongest correlation among explanatory variables was -0.42 both between semidry grassland and geographic distance (110-m strip width), and between forest and road areas (810-m strip width). Highest VIF was 1.33 for semi-dry grassland area (810-m strip widths). For the strip analysis in HR, the strongest correlation was -0.53 between forest and road areas (810-m strip width) and highest VIF was 1.28 for roads (810-m strip width).
For the circle approach in VL, strongest correlation was -0.58 between altitude and road area (800 m radius), whereas maximal VIF was 2.51 for absolute altitude of sampling site. In valley HR, the strongest correlation was -0.54 between absolute altitude of sampling site and road area (400 m radius), whereas maximal VIF was 1.96 for road areas (800 m radius).
For both approaches, the correlation coefficients and VIF estimates were always below the thresholds indicated previously, and thus, no corrective measures were needed.
Patterns of Genetic Variation
Across all sampled sites, the hierarchical Amova indicated that 1.4% of the genetic variation was explained by differences between valleys, 5.4% was among sampling sites within valleys, and 93.1% was within sampling sites (P < 0.001 for all partitions). Analogous, overall F ST was 0.044. PCoA axes 1 and 2 explained 28.9% and 20.0%, respectively, of the genetic variation. Along the second PCoA axis, although very roughly only, sampling sites were separated between the 2 valleys ( Figure 3) . A Wilcoxon test indicated different average PCoA scores along the second PCoA axis for valley VL versus HR (P = 0.001).
At the valley level, H e was 0.26 in VL and HR. Overall, F ST was 0.042 and 0.038 for sampling sites in VL and HR, respectively (P < 0.001). Pairwise F ST values ranged in VL from 0 (7 cases) to 0.119 and in HR from 0 (13 cases) to 0.112 (Supplementary Table S2 ). In VL 7.0% and in HR 16.6% of all pairwise F ST values were not significantly differentiated.
Patterns of Genetic Differentiation in Relation to Landscape Elements
The strip approach revealed that forests, roads, and geographic distance did not affect F ST values in both our study valleys at any of the 4 different strip widths (Table 1) . In valley VL, only the amount of semi-dry grassland area, within strip widths of 110 and 210 m, remained in the final model showing a negative effect on genetic differentiation (β = -0.146, R 2 = 0.021; P = 0.038 and β = -0.156, R 2 = 0.024; P = 0.022, respectively; Table 1 ). In contrast to VL, in valley HR, only altitudinal distance among sampling sites remained in all models showing a positive effect on genetic differentiation (β = 0.134, R 2 = 0.018; P = 0.038; Table 1 ).
In the circle approach, there was better model fit without SAC versus with SAC at 2 radii in valley VL (800 m radius: Akaike information criterion (AIC) = 12.8 vs. 14.8, P = 0.021; 400 m radius: AIC = 9.6 vs. 10.8, P = 0.020), whereas the models indicated no differences in the 100 and 200 m radii at VL as well as all radii at HR. These results indicate that SAC does not affect patterns of gene flow in our study area, and thus, the presented results are based on models without SAC. The best fitting models showed that forest, individual density, and average geographic distance had no effect on average F ST values in both study valleys (Table 1) . In VL only at a circle radius of 100 m, semi-dry grassland area had a slightly negative effect on F ST values (β = -0.578; adjusted R 2 = 0.169; P = 0.055), and there was a trend to a positive effect of road area on F ST values (β = 8.530; adjusted R 2 = 0.169; P = 0.065). In valley HR, only absolute altitude of sampling site had a negative effect on F ST values (β = -1.5 x 10 -05 ; adjusted R 2 = 0.180; P = 0.013).
Discussion
Genetic diversity was relatively high within all sampling sites of T. montanum with most variation within rather than among sampling sites or regions. Genetic structuring was low within both studied valley systems. This suggests that historic gene flow between the sampling sites of the species was probably extensive. Both the strip and the circle approach indicated that forests have no effect on genetic differentiation in T. montanum. Genetic differentiation was (slightly) negatively affected by area of semi-dry grassland in valley VL, which was restricted to strips of 110 and 210 m width and to circles of 100 m radius. Moreover, areas of roads tended to increase genetic differentiation in VL. In valley HR, genetic differentiation increased with larger altitudinal distances among sampling sites, and sampling sites at higher altitude showed lower genetic differentiation.
Evidence for Low Genetic Structuring in T. montanum at Landscape Scale
The observed low genetic structuring of the sampling sites, as indicated by the low F ST values, is in line with results of an earlier study on genetic differentiation in T. montanum, which was conducted at a larger geographic scale (Hahn et al. 2012 ). This study found an overall F ST value of 0.12 among 20 sampled populations with an isolation-by-distance relationship up to a maximal distance of 197.7 km among populations. The overall H e value for T. montanum was 0.24, similar to the findings in this study. Hahn et al. (2012) also found low genetic differentiation, isolation-by-distance patterns, and intermediate genetic diversity in the semi-dry grassland species Briza media (F ST = 0.099, H e = 0.26) and Ranunculus bulbosus (F ST = 0.071, H e = 0.17). Likewise, Anthyllis vulneraria, a predominantly selfing semi-dry grassland clover species, showed similar levels of genetic diversity (H e = 0.28) and low differentiation (Φ ST = 0.056) in a study region of 15 km 2 (Honnay et al. 2006) . The low genetic structuring in T. montanum and other semi-dry grassland plant species at landscape scales suggests extensive historic gene flow among sites, by dispersal of seed and/or pollen.
The molecular approach used does not enable us to make inferences on the relative contribution of seed and pollen dispersal to gene flow in T. montanum. Despite its seeds having no obvious adaptation to dispersal, there is considerable evidence from the literature that endozoochory is important in other Trifolium species. Sheep and cattle have both been reported as potential vectors of seed dispersal in Trifolium campestre (Eichberg et al. 2007) and Trifolium repens seeds (Gardener et al. 1993) , respectively. Rotational sheep grazing has been suggested as 1 management approach leading to increased landscape connectivity in plants (Rico et al. 2012) . Scats of foxes also contained viable seeds of Trifolium sp. (D'Hondt et al. 2012) . In Trifolium micranthum, anthropogenic long-distance seed dispersal, likely via exchange of seeds with composted lawn material over more than 30 km, led to establishment of new populations (D'Hondt et al. 2012 ). In the Alps, hay transportation from higher altitude meadows to the valley bottom using high-line cables could also increase gene flow among sites of T. montanum.
The main pollinators of T. montanum are known to be able to cover relatively large areas: Estimates of pollinator movement using radiotelemetry in Bombus terrestris showed maximal flight distances of 2.5 km (Hagen et al. 2011 ). In Apis mellifera, waggle dance decoding suggested average flight distances of 5.5 km (Beekman and Ratnieks 2000) . A recent study of pollen dispersal in T. montanum demonstrated that pollen flow appeared to be extensive across an area of 300 × 1000 m and across an altitudinal gradient of 600 m a.s.l. (Matter et al. 2013) . This illustrates that seed or pollen dispersal potential over large distances is likely to limit genetic differentiation in T. montanum.
Do Landscape Elements Influence Genetic Differentiation in T. montanum?
Effects of Forests, Roads, and Semi-Dry Grasslands
Our expectation was that forest would act as a barrier to both pollen and seed dispersal in T. montanum. We assumed that pollinators would avoid moving through or above forest areas. However, the proportion of forested area had no effect on patterns of genetic differentiation in T. montanum. Two other studies suggest that forests might not be barriers for bumblebees and bees, the major pollinators of T. montanum. A mark-recapture study of Bombus terrestris suggested that bumblebees forage above the forest canopy and exploit nectar sources in forest gaps (Kreyer et al. 2004 ). In the wild bee species Chelostoma florisomne, forest areas of up to 480 m width were no foraging barrier (Zurbuchen et al. 2010) . In valley VL, greater area of semi-dry grassland among or adjacent to sites were associated with lower levels of genetic differentiation. One explanation for this is that gene flow could follow a stepping stone pattern and is higher if more habitat area is present among sampling sites. A stepping stone pollination pattern along a snowmelt gradient was observed in snowbed plants Kudo 2004, 2008) . In our study, semi-dry grassland negatively affected F ST only at strip widths of 110 and 210 m (Table 1) and at a 100-m circle radius, demonstrating the relatively small spatial scale over which this factor seems to be significant.
In a landscape genetics study in Eryngium alpinum, populations in an Alpine valley showed unexpectedly high genetic homogeneity (global F ST = 0.013), despite of habitat fragmentation (Gaudeul and Till-Bottraud 2008) , which the authors explained with long-distance pollen/seed dispersal or too recent fragmentation to cause genetic structure. A similar reason might have caused a low overall F ST value (global F ST = 0.033) in the globeflower Trollius europaeus, which was found among highly fragmented populations on a relatively small sampling scale (ca. 30 × 30 km; Klank et al. 2012) . The Catananche lutea (Asteraceae) showed, despite of relatively high differentiation on landscape scale (global F ST = 0.5), no correlation between genetic diversity, patch size, distance, and fitness (Gemeinholzer et al. 2012) . In congruence with our results, these studies suggest that habitat fragmentation might, on landscape scale, affect genetic differentiation to a lower extent than previously thought.
We initially assumed that paths and roads might enhance seed flow by livestock or vehicles (Taylor et al. 2012) . Thus, higher density of paths and roads were expected to increase dispersal of seeds among sites. The road network showed only in 1 model and 1 valley a slight effect on genetic differentiation in T. montanum in this study, which even indicated decreased gene flow. Paths and roads may reduce free-ranging animal movement (Trombulak and Frissell 2000) . Fenced roads, for example, can hinder movement of roe deer Capreolus capreolus (Hepenstrick et al. 2012 ) and thus might potentially limit plant seed dispersal. Higher road area caused decreased genetic diversity of Geum urbanum populations (Baessler et al. 2010) , likely due to decreased gene flow.
Effects of Individual Density, Altitude, and Geographic Distance
Higher plant density can lead to higher reproduction success (Bernhardt et al. 2008) and increased flower visitation rates (Grindeland et al. 2005 ) within populations and might as well cause increased pollen-mediated gene flow among populations. In this study, individual plant density did, however, not affect genetic differentiation. Although extensive gene flow is the most likely explanation for the low F ST values, we cannot exclude alternative causes. For example, plant density and area covered by T. montanum were generally relatively high at the study sites, which likely led to high effective population sizes and thus might reduce differentiation through reduction of drift effects. In addition, recent founder events might have caused low levels of F ST . However, the latter seems rather implausible given the relatively high levels of diversity observed, as well as the long history of semi-dry grasslands in Switzerland. These grasslands spread across the Swiss Alps due to agricultural land use, including livestock husbandry, since approximately 5000 y.b.p. (Bätzing 2005) . Therefore, an accumulation of propagule inflow over time, fostered by the long persistence of the habitat type, might well explain the low F ST values.
Genetic differentiation in T. montanum increased with larger altitudinal distances between sampling sites in valley HR. Extensive contemporary pollen flow along an elevation gradient of 600 m altitudinal difference (1200-1800 m a.s.l.) was observed in another study of T. montanum (Matter et al. 2013) . The effect of the altitudinal distance in HR might, therefore, not primarily be explained by a shift of flowering phenology and/or composition of the pollinator community. Moreover, the effect of absolute altitude of sampling site in HR disappeared in the circle approach when the 3 sampling sites with the highest genetic differentiation were excluded from the models (details not shown). These 3 sites are situated in the flat valley bottom, where fragmentation of semi-dry grassland patches is high. This finding suggests that the sites at the valley bottom are genetically isolated, possibly due to a relative high percentage of settlements and intensive agricultural land. Yet, it is important to note that there was no overall effect of geographic distance on genetic differentiation in any of our models, which suggests that gene flow is generally not spatially restricted at the investigated landscape scale.
Comparison of the Strip and the Circle Approach
In this study, both of the applied approaches showed similar results, suggesting that the choice of the spatial approach did not lead to fundamentally different results and analysis interpretations. Still, the approaches offer some differences in terms of specific, potentially ecological relevant factors, which can be tested: for example, the altitudinal difference among sampling sites in the strip approach and the individual density at the sampling sites in the circle approach. Thus, the 2 approaches provide useful composite analytical tools.
Implications for Conservation of Semi-Dry Grasslands at Landscape Scale Our statistical models indicate only low effects of altitude and total area of semi-dry grassland on genetic structuring in T. montanum at the landscape scale. Contrary to our expectations, there were no effects of the most prominent landscape element forest and only a slight effect of paths and roads on genetic differentiation of T. montanum in our study system.
The Mesobromion plant community includes a high number of rare species (e.g., species from the genus Orchis and Ophris) often with low population sizes and individual densities. These species may not respond in the same way as our study species. However, our results imply that, at least in the short term, an increase in the area of forests or coverage of paths and road is unlikely to have major implications for genetic structure in plant species with similar ecology and distributions to T. montanum. Studying the effect of landscape elements on genetic differentiation in a wider range of species will provide additional important insights for conservation management of these systems of which our study provides a useful baseline.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/.
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